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By Jack R. Burtt and Robert J. Jackson 

SUMMARY 

The results of an investigatim of the  over-all and stage-element 
performance of a single-stage compressor designed f o r  a r a t i o  of i n l e t  
axial velocity a t  the r o t a  hub t o  t i p  speed of 0.7 are  presented mer 
a  range of speeds up t o  130-percent  design speed. 

The stage,  consisting of 19 rotor blades and 20 stator blades  with 
40 in l e t  guide  vmes, had a hub-to-tip radius r a t i o   a t   t h e  rotor inlet 
of 0.50 and a ro to r   t i p  diameter of 14  inches. The r o t o r  and s ta tor  
blades w e r e  of constant chord frcm hub t o  t i p  and had a modified 
IWCA 65-(12)lO profile. 

A peak pressure  ratio of 1.22 was obtained at the  desi- t i p  speed 
(938 ft /sec) at an equivalent weight flow of 24.0  pounds per second and 
an efficiency of 0.87. A t  120-percent  design  speed ( t i p  speed, 
ll26 ft /sec),  a peak pressure  ratio of 1.28 was obtained a t  an e f f i -  
ciency of 0.76 and an  equivalent w e i g h t  flaw of 27 pounds per second. 
For a pressure r a t i o  of 1.2l at a t i p  speed of ll26 feet per second, 
an equivalent weight flow of approxFmately 30 pounds per  second was 
obtained a t  an efficiency of 78 percent. This flar corresponds t o  
28 pounds per second per square foot of frontal area. Beyond a t i p  
speed of 1126 feet   per second, the  efficiency dropped sharply asd  very 
l i t t l e  gain was  realized  in  ei ther  pressure ratio or weight flow. 

The effect  of Mach nuniber on peak stage-element efficiency is pre- 
sented over a range of rotor   re la t ive m e t  Mach numbers from approxi- 
mately 0.5 t o  0.875. The data  indicate that a Xach nuniber of  about 0.8 
is the   c r i t i ca l  value for all the  stage elements since  efficiency 
decreased  rapidly beyond t h i s  Mach number. 

The results reported  herein are fram part  of an investigation of 
typical axial-flow con~ressor  inlet   stages being  cmducted at the NACA 
Lewis laboratory. An analysis of the  effects of basic design  variables 
(reference 1) indicates that the use of a co~tant- total-enthalpy design 
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having symmetrical velocity diagrams at  a l l  radii would provide a good 
compromise  of pressure  ratio, mass flow, and t i p  speed. This flow d i s -  
tr ibution w a s  therefore used  throughout the  present  investigation. The 
first design investigated had a design r a t i o  of a d a l  veloc i ty   to   t ip  
speed of 0.6 upstream of the ro tor  a t   t he  hub (reference 2). The per- 
formance was characterized by high pressure r a t i o  a& t i p  speed. 

The data  reported  herein  are from a design  havlng  a r a t i o  of axial  
velocity  at  the ro tor  hub t o  t i p  speed of 0.7, w h i c h  resulted in  
reduced wheel speed and pressure r a t i o  but in  increased mss flow. 

The compressor, which i s  completely described i n  reference 2, had 
a y o h r  t i p  diameter of -14 inches and a hub-to-tip  radius r a t i o  of 0.5 
at the ro tor  inlet. The blading  consisted of 19 r o t o r  blades, 20 stator 
blades, and 40 sheet-metal circular-arc  guide-vanes that provided 
the  required  prerotation. The ro to r  and stator  blades were of constant- 
chord and had a modified ESACA 65-(12)lO campressor-blade profile. 

The performance of the compressor was investigated at equivalent 
t i p  speeds of 469, 704, 938, 1126, and 1219 f ee t  per second correspond- 
ing t o  50-, 75-, loo-, 120-, and 130-percent design speed, respectively. 
This  speed range-corkesponds t o  r o t o r  relative in le t  Mach numbers of 
approximately 0.5 t o  0.875. Flow measurements  were made upstream of 
the r o t o r  blades and downstream of the  stator  blades fo r  full-stege 
performance. Over-all performance is  presented i n  terms of adiabatic 
temperature-rise  efficiency and total-pressure r a t i o  over a weight-flow 
range at each speed. Details of-stage-element perf armance are given by 
plots of element efficiency,  pressure  ratio, and angles of attack 
against  weight-flow a t  design and 120-percent  design  speeds. 
Temperature-rise energy addition i s  plotted  against  radius f o r  the 
range of w e i g h t  f l o w  a t  design speed. The effects of  Mach  number  on 
peak element efficiencies and the  angles of attack correspondfng t o  
these  efficiencies are presented. . .  
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SYMBOLS 

The following synibols are used i n  this report: 

l i f t  coefficient 

t o t a l  enthalpy rise,  (ft-lb/slug) 

constant i n  turning-angle  relation 

radius t o  blade element, ( f t  ) 

velocity of blade a t  radius r, (ft/sec) 
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absolute air   velocity,   (f t /sec) 

a b  velocity  relative t o  rotor,   (f t /sec) 

weight flow, (lb/sec) 

weight f l o w  corrected t o  standard sea-level  pressure and 
. ," 

temperature, (lb/sec) 

angle of attack, (deg) 

angle of attack of isolated airfoil f o r  zero l i f t ,  (deg) 

absolute  stagger w e ,  angle between comgressor axis and 
absolute air velocity, (deg) 

relative  stagger -e, angle between compressor axis and a i r  
velocity  relative t o  rotor, (deg) 

re la t ive turning a n a e  in r o t o r ,  (deg) 

r a t i o  of inlet total   pressure t o  standard  sea-level  pressure 

r a t i o  of i n l e t   t o t a l  temperature t o  standard  sea-level tempera- 
ture  

blade-element sol idi ty ,   ra t io  of chord length t o  distance 
between adjacent  blades 

blade-angle  setting, (deg) 

Subscript: 

t t i p  

CWFZ3SSOR DESIGN 

Mechanically, the  subject compressor is identical  t o  the compressor 
reported fn reference 2. The stage,  consisting of 19 r o t o r  blades and 
20 stator blades  with 40 i n l e t  guide  vanes, had a hub-to-t1.p radius 
r a t io  at the rotor i n l e t  of 0.50 and a rotor-t ip diameter of 14 inches. 
Aerodynamically, the  design is similar t o  that of reference 2 (based on 
constant t o t a l  enthalpy and symmetrical velocity diagram a t  a l l  r a d i i ) .  
The design  differed from reference 2 only  in  the  values f o r  the r a t i o  of 
axial   veloci ty   a t   the  r o t o r  hub t o  t i p  speed and t h e   l h i t i n g   r o t o r   r e l -  
a t ive  inlet  Mach  number a t  the hub. Both of these  values were  assumed 
t o  be 0.7 f o r  the design  reported  herein.  Briefly  the  design procedure 
was as fo l la rs :  
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Axial velocity was assumed constant wi;thin a. blade row at  any 
given radius and a limiting  value of OCL . of 0.77 w a s  used for  the 
rotor. From inlet  Mach  number and ~ C L  limitations a t   t h e  hub, axial 
and tangential  velocity components  were calculated  for  an assumed flow 
parallel t o   t h e  compressor axis through  an  untapered  passage  having a 
symmetrical velocity diagram. The density  ratio over the  stage was com- 
puted f o r  an assumed vortex-whirl  addition in the rotor and an effi-  
ciency of 0.89. Passage taper was determined f r o m  continuity and  veloc- 
i t i e s  were corrected assuming uniform streamline flaw. Blade-angle 
settings, however, w e r e  canputed by using the  velocities  previously  cal- 
culated  for flow paral le l  tu the axis. Simple radial  equilibrium was 
assumed at  the rotor inlet but- was neglected-between the  rotor ard 
s ta tor  bla'de hws. 

The blade-angle  settings were calculated from the Kantrowitz  and 
Dam equation  (reference 3): 

with K = 0.9 as described in  reference 2. These settings were modi- 
fied near the tip for the low sol idi t ies  encountered but t o  a lesser  
extent than i n  reference 2 because of lower stagger angles. The cal- 
culated  blade  setting at t he   t i p  w a s  modified by an arbitrary  reduction 

of 2- and by fair ing in the modification t o  a radius  ratio of about 0.8. 

A modified MCA 65-( 12)lO profile w i t h  constant chord from hub t o   t i p  
was  used for   the blading. The radial variation of blade-design data 
such as angle. settings 0, sol idi ty  c r y  and entering a i r  angle fi 
are presented i n  figure 1. . 

10 
2 

The compressor installation and instrumentation are similar 
schematically t o  those  described i n  reference"2. In order t o  permit 
higher speeds and weight flows, however, a 1500-horsepower motor and a 
new exhaust system w e r e  incorporated. Also, the  instrumentation 
technique was refined  to permit nteasurements of the  s ta te  of the air 
downstream of the  stationary blades i n  regions where there were no 
blade wakes. 

Flow  measurement-s were taken approximately 0.2 chord length 
upstream of the rotar  blades and 0.6 chord length downstream of the 
stator blades. . Data were-taken a t  f ive radial stations a, b, c, d, 
and e from t i p   t o  hub,  Which  were located a t  the  centers of five  equal 
spaces  across the pessage  upstream of %he rotor blades and  downstream 
of the stator blades. The investigation was conducted a t  constant 
values of equivalent  rotor t i p  speed U t / !  of 469, 704, 938, U.26, 
and 1219 feet   per second corresponding t o  SO-, 75-, loo-, 120-, and.. 
130-percent design speed, re-gectively. A t  each speed, a range of air 
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flow was investigated from either  the  highest flow possible  or  that 
flow at which  there  was no pressure  rise  over the tip of the  blade 
to a low  flow at w h i c h  the  blades  stalled  near the tip. 

Over-all  Compressor  Performance 

The  over-all  performance  characteristics  of  the  compressor are 
presented in figure 2 in terms of adiabatic  tenperatme-rise  efficiency 
and total-pressure  ratio  as  functions  of  weight flow corrected to sea- 
level  conditions. A t  the  design  tip  speed, 938 feet  per  second, a peak 
pressure  ratio of 1.22 was  obtained  at an efficiency of 0.87 and a 
corrected  weight flow of 24 pounds per  second. A peak  efficiency of 
0.88 was obtained  at a corrected  weight  flow  of 24.5 pounds  per  second 
with a total-pressure  ratio of 1.21. 

At 120-percent  design  speed  (tip  speed, ll26 f't/sec) the W e t  
relative Mach number was approximately 0.80 at the mean radius. A peak 
pressure  ratio  of 1.28 was  obtained  at an efficiency of 0.76 and an 
equivalent  weight  flow of 27 pounds  per  second. At a pressure  ratio 
of 1.21, which  corresponds to the peak  efficiency point a t  design  speed, a 
weight  flow of approximately 30 potznhs per seccazd (28 lb/sec/sq ft 
frontal  area) was obtained at an efficiency of 0.78. This flow is 
75.7 percent of the  limiting flow at sonic axial  velocity for  the 
canpressor mlt. The peak  effiGiency  dropped sharply beyond this 
tip speed ciP 1126 feet per second and very  little gain was obtained 
Fn either  pressure  ratio or weight flow. At  130-percent  design  speed 
(tip  speed, 1219 ft/sec),  peak  eff  iciency, peak pressure ratio,  and 
maximum  weight flow were 0.70, 1.30, and 30.9 p o d s  per second, 
respectively. 

Stage-Element Performance Characteristics 

In order to ompare stage-element  performance  characteristics, a 
particle of air is assumed  to  travel a path  through  the stage which 
connects  the  five  measuring  stations  at  the  rotor  inlet  to  the five 
similarly  located  measuring statim at the  stator  outlet. One such 
path is then, by definition, a stage element.  Adiabatic  temperature- 
rise  efficiencies,  total-pressure  ratioa, and angles of attack a t  the 
five  measuring statims a r e  presented as functions d corrected  weight 
flow for design  speed  and  120-percent  design  speed in figure 3. 
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.At  design speed (fig.  3(a))  the  stage elements  appear t o  be well 
matched i n  that  the  efficiencies all peak at   approxhately  the same 
weight flow. Maximum efficiencies  at   the measuring stations near the 
hub ana t h e   t i p  of the  stage  are lower because of wall boundary-layer 
and secondary f l o w  effects. Near the   t ip  where stagger  angles  are 
50° t o  60° and sol idi ty  is  approximately 0.6, the range of angle of 
attack for good efficiency is s m a l l  and the  efficiencies peak rapidly. 
Near the hub where the range of -stagger  angle i s  30° t o  400 and the 
sol idi ty  is near 1.0, a greater range of angle of attack  for good 
efficiency is  available and the  efficiencies remain relatively constant 
over the  entire range of weight .flow investigated. 

A t  120-percent design speed (fig.  3(b) ) the stage elements are  no 
longer matched; the  over-all.  efficiency i s  therefore lower. The higher 
Mach number also causes  a  general  decrease i n  angle-of-attack range for 
good efficiency for all stage elements and accentuates  the  reduction i n  
range and law-efficiency  operating  conditions  obtained because of the 
sol idi ty  and stagger a n g l e .  cmbinatim near the  blade  tip. The stage- 
element efficiencies also show that the low efficiencies  near  the  tip 
of the  blade  at  120-percent-  design speed are  responsible f o r  a large 
par t  of the decrease  ..in  over-all  stage  efficiency. 

The angles of attack  for  both speeds show a sl ightly  greater 
variation  near  the  tip  with weight flow than  near the hub. This varia- 
tion,  together  with  the  higher wheel speed a t  the  t ip .and a small range 
of optimum angle of attack because of  the so l id i ty  and stagger  angle 
combination, causes  a Wger  var ia t ion in pressure  ratio  near  the  t ip 
than a t   t he  other  stations. The greater change i n  angle of attack  per 
increment of weight flow near t h e   t i p  also suggests that the work input 
w i l l  change f a s t e r   i n  that region.  This  trend is shown in figure 4, 
which i s  a plot  of.temperature-rise energy addition  against  radius for 
the range in w e i g h t  flows -investigated  at design speed. The design 
criterion of constant t o t a l  enthalpy is  apprcxtched ~ n l y  at the  highest 
weight flows. A detailed  discussion qf the  reasons for the  variations 
in-enthalpy  distribution i s  presented i n  reference 2. 

Effects of H i g h  Mach  NuDiber on Stage-Element Efficiency 

A s  the canpressor speed was increased,  the  resulting  increase i n  
h c h  number caused the matching of the  stage elements t o  change  and 
the peak efficiencies t o  be reduced. Also, the most cr i t ical   s tage 
element i s  near  the t i p  of the-blades where stagger  angles m e  high 
and the  solidity is low. The maximum adiabatic  temperature-rise - 

efficiencies and the  respective  angles of attack  for  the ro tor  blades 
plotted  against Mach-n-er are  presented i n  figure 5. The c r i t i c a l  
Mach  number f o r  dl. the  stage elements  appears t o  be s l igh t ly   l ess  
than 0.8. HmeveT, because of the matching of the  stage elements i n  
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t h i s  design, the critical value fo r  all stage elements does n o t . o c m  
a t  any one weight flow. It would probably  be desirable, therefore, t o  
operate a t  a t i p  speed corresponding to a sl ight ly  lower Mach number 
than  the  cri t ical  value for any of the  stage elements. In this design, 
the element that reached its c r i t i c a l  value f i rs t  was a t  the  blade t ip .  

For a typical  airfoil   section,  the  angle of attack for maxFmum 
l i f t -drag  ra t io   or  peak eff ic iency  l ies  near the high angle of attack 
end of the low-drag range. The low-drag range i s  appreciably  reduced 
as the Mach  number is  increasedj it w o u l d  therefore be  exgected that   the  
angle of attack f o r  peak efficiency would decrease. In general, t h i s  is 
the  trend f o r  the  stage  reported  herein a6 sham in  f igure 5. The 
reason for  the  indicated  increase in angle of attack near the   t ip  of the 
blades, as sham  in  figure 5 for the Mach numbers  beyond the   c r i t i ca l  
value, is  not obvious. However, th i s  phenomenon is of little practical  
importance because it OCCUTB a t  Mach numbers.  beyond the   c r i t i ca l  Mach 
number of the  stage elements. 

The resul ts  of an investigation of the  over-all and stage-element 
performance of a single-stage compressor designed for a r a t i o  of i n l e t  
axial velocity a t  the rotor hub t o  t i p  speed of 0.7 are  presented over 
a range of r o t o r  re la t ive   in le t  Mach numbers from 0.5 t o  0.875. 

1. A t  120-percent  design speed ( t i p  speed, 1126 ft /sec) a peak 
pressure r a t i o  of 1.28 w a s  reached a t  a corrected weight flow of 
27 pounds per seconcl at an efficiency of 0.76. A t  a  weight f l o w  of 
30 pounds per second, a pressure r a t i o  of 1.21 was obtained a t  an 
efficiency of 0.78. A flow of 30 pounds per second corresponds t o  
28 pounds per second per  square foot  frontal  area. 

2. The l o w  sol idi ty  and high stagger angle conibination near the 
t i p  of the r o t o r  blade gave a rapidly peaking stage-element  efficiency 
and thus an over-all stage-efficiency curve  with only a s m d l  range of 
good efficiency at a given speed. Near the hub the element efficiency 
was relatively  constant over the range of weight flow investigated. 

3. Temperature-rise energy addition at  a given epeed increased 
fram hub t o  t ip ,   the   greatest   ra te  of change occurring near the t i p  
f o r  a given increment of weight flow. . 

4. In the  region of high stagger angles and low solidity  near  the 
blade t i p ,  an increase in  Mach nuniber decreased  the optimum range of 
angle of attack t o  the  extent  that matching of blade elements over a 
range of Mach numbers was very di f f icu l t  to obtain f o r  this stage 
design  with a constant-canher  blade. 



5. A Mach  number of slight-ly  less  than 0.80 was the  critical Mach 
number for all the  stage.elements opthe design  investigated  in  that ! 

the  efficiencies  decreased  rapidly  beyond this value. 
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Figure 1. - Blading details f o r  i n l e t  stage with 
NACA 65-(12)lO blade section. 
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Figure 2. - Over-all performance of Inlet stage with NACA 65-(12)l.O blade section. 
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(a) Design  speed. 

Figure 3. - Stage-element  performance  characteristics  for  five rad1 
measuring  stations. 
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(b) 120-percent design speed. 

Figure 3. - Concluded. Stage-element 
performance characteristics for five 
radial measuring stations. 
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Figure 4. - Energy addition plotted  against radius 
ratio  at  design speed. 
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Figure 5. - Effect of Mach number on maxim efficiency. 
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